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ABSTRACT 
I n  r ecen t  yea r s ,  a n a l y s i s  of capac i tance  t r a n s i e n t s  i n  small-area MOS ca- 
p a c i t o r s  has  made i t  p o s s i b l e  t o  o b t a i n  extremely l o c a l i z e d  va lues  of t h e  m i -  
n o r i t y  c a r r i e r  genera t ion  l i f e t i m e  i n  s i l i c o n  s i n g l e - c r y s t a l  wafers  and i n  
devices  made from t h i s  semiconductor. For example, Schwuttke, e t  a l .  ( r e f .  1) 
have used t h i s  technique t o  produce genera t ion  l i f e t i m e  maps on s i l i c o n  wafers .  
They have shown t h a t  t h e  va lues  of genera t ion  l i f e t i m e  can vary widely from 
po in t  t o  p o i n t  and t h a t  t h e  va lues  a r e  extremely s e n s i t i v e  t o  c r y s t a l  growth 
and wafer-handling procedures.  They have shown t h a t  t h e r e  is  a c o r r e l a t i o n  
between t h e  performance of recombination l i f e t i m e  dependent parameters of semi- 
conductor devices  made a t  var ious  l o c a t i o n s  on a s i l i c o n  wafer  and t h e  genera- 
t i o n  l i f e t i m e  a t  those  l o c a t i o n s .  More r e c e n t l y ,  Bal iga and Adler ( r e f .  2) 
obtained l i f e t i m e  versus  depth p r o f i l e s  i n  d i f f u s e  l a y e r s  of S i .  The develop- 
ment of low-temperature oxide p repa ra t ion  techniques has l e d  t o  t h e  a p p l i c a t i o n  
of t h i s  method' f o r  monitoring t h e  l i f e t i m e  a t  many s t a g e s  i n  t h e  f a b r i c a t i o n  of 
S i  power devices  ( r e f .  3 ) .  It could,  t h e r e f o r e ,  be  used t o   monitor^ a t  t h e  
va r ious  s t a g e s  i n  t h e  manufacture of s o l a r  c e l l s .  
It i s  a f e a t u r e  of t h i s  l i f e t i m e  measurement method t h a t  t h e  time cons tan t  
of t h e  capac i tance  t r a n s i e n t  is  r e l a t e d  t o  t h e  genera t ion  l i f e t i m e  through t h e  
r a t i o  of doping concen t r a t ion  N t o  t h e  i n t r i n s i c  c a r r i e r  concent ra t ion  n i  i n  
t he  semiconductor. Thus i n  t h e  case  of S i  having No of 1 0 ~ ~ / c m ~  t h e  capac i tance  
6 decay cons t an t ' r c  i s  10 times t h e  genera t ion  l i f e t i m e  s o  t h a t ,  i f  T ~ =  1 psec ,  
'rc = 1 sec .  This s h i f t  of t ime s c a l e s  i s  p a r t i c u l a r l y  a h vantageous when app l i ed  
t o  measuring, mapping, and p r o f i l i n g  minor i ty  c a r r i e r  l i f e t i m e s  i n  d i r e c t  gap 
semiconductors w i th  bandgaps l a r g e r  t han  S i  and t h e r e f o r e  n i  va lues  s u b s t a n t i a l -  
l y  lower than  i n  S i .  For example, a nanosecond l i f e t i m e  i n  p-type GaAs having 
acc.eptor concent ra t ions  NA of 1016/cm3 would g ive  r i s e  t o  a capac i tance  decay con- 
s t a n t  of s e v e r a l  seconds. U n t i l  now, however, t h i s  technique f o r  measuring Tg 
has been l imi t ed  t o  s i l i c o n  because t h a t  is  t h e  only semiconductor on whose sur-  
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MOS c a p a c i t o r s  intended f o r  such s t u d i e s .  The oxide  must a l low t h e  s u r f a c e  t o  
be d r iven  i n t o  deep inve r s ion  by a v o l t a g e  pu l se ;  t h e  t r a n s i e n t  occurs  as car- 
r i e r s  generated i n  t h e  space  charge reg ion  of t h e  semiconductor accumulate a t  
t h e  su r f ace .  
I n  t h i s  paper we r e p o r t  on f a b r i c a t i o n  on p-type GaAs of MOS s t r u c t u r e s  i n  
which t h e  q u a l i t y  of t h e  oxide i s  such t h a t  t h e  s u r f a c e  can be d r iven  i n t o  deep 
inve r s ion  by a v o l t a g e  pulse .  We have measured t h e  capac i tance  t r a n s i e n t s  i n  
such MOS c a p a c i t o r s  as a func t ion  of s t e p  amplitude and temperature and have 
analyzed t h e  t r a n s i e n t s  by an ex tens ion  of t h e  method developed by Zerbst  
( r e f .  4) f o r  s i l i c o n .  The oxides were produced by plasma ox ida t ion  on a n  LPE- 
grown p-type GaAs specimen wi th  NA of 3x1017/cm3. The capac i to r s  were produced 
by depos i t i ng  50-pm-diameter gold do t s  over t h e  n a t i v e  oxide and, t h e r e f o r e ,  
t h e  l i f e t i m e  i s  l o c a l i z e d  t o  t h e  a r e a  under t h e  do t .  The method permi ts  ex- 
t r a c t i o n  of both t h e  bu lk  l i f e t i m e  and t h e  i n t e r f a c e  recombination v e l o c i t y .  
We have measured t h e s e  parameters on samples w i th  d i f f e r e n t  NA and have found 
a c o r r e l a t i o n  between ~g and NA. L i f e t ime  va lues  i n  t h e  range of s e v e r a l  t en ths  
of a nanosecond t o  about 1 nanosecond have been observed on our  p a r t i c u l a r  wa- 
f e r s ;  i n t e r f a c e  recombination v e l o c i t i e s  i n  t h e  range of l o5  cm/sec were ob- 
served. However, our  G a A s  was from a s i n g l e  source  and was a smal l  sampling of 
t he  v a r i e t y  p o s s i b l e  i n  GaAs; t h e r e f o r e ,  we do not  mean t o  a t t a c h  much s i g n i f i -  
cance t o  t h e  "uniformity" of T~ i n  our  specimens. The important p a r t  of our  
message i s  t h a t  i t  i s  p o s s i b l e  t o  produce h igh-qual i ty  n a t i v e  oxides on G a A s  
and t h a t  t h i s  important  technologica l  advance makes p o s s i b l e  l i f e t i m e  measure- 
ment, mapping, and p r o f i l i n g  i n  t h i s  m a t e r i a l .  Fu r the r  development of t h i s  
technique should al low monitoring of t h e  e f f e c t s  of va r ious  process ing  s t e p s  
on t h e  l i f e t i m e  of GaAs and, t h e r e f o r e ,  u l t i m a t e l y  on t h e  performance of GaAs 
s o l a r  c e l l s .  
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ANNEALING IN ELECTRON IRRADIATED AlGaAs SOLAR CELLS* 
Bruce E .  Anspaugh and John A.Scott-Monck 
J e t  Propulsion Laboratory 
California Ins t i tu te  of Technology 
SUMMARY 
Preliminary data i s  presented on the annealing characteristics of AlGaAs 
solar cel l  s .  Devices with varying A1 As "window" thickness and junction depth 
were irradiated with 1 MeV electrons,  a t  two different  temperatures, t o  
1 x 1 0 ~ ~  e/cm2. Additional annealing data on AlGaAs ce l l s  exposed to 1 x 1 0 ~ ~  e/cm2 
i s  a1 so described. 
I  NTRODUCT ION 
I t  has been shown that  properly fabricated AlGaAs solar ce l l s  display 
i n i t i a l  power output and performance under electron irradiation that  i s  
superior to  even advanced laboratory s i l icon solar  ce l l s  ( r e f .  1  and 2 ) .  This 
work was done as part of the JPL program to  investigate the potential of ther- 
mal annealing as a  means of extending the operating l ifetime of solar  cell  
arrays. The data reported from the NTS-2 f l i g h t  experiment ( r e f .  3 and 4 )  
also acted as an incentive to  examine the e f fec t  of i r radiat ing AlGaAs solar 
cell  s  a t  elevated temperature. 
EXPERIMENTAL METHOD 
All the i r radiat ions were performed with the JPL Dynamitron using 1 MeV 
electrons. A complete description of th i s  faci l  i t y  may be found in reference 5. 
The i n i t i a l  experiment was devised to  examine the e f fec t  of ce l l  temperature 
during irradiation on e lec t r ica l  performance. All ce l l s  used in th i s  t e s t  
were obtained from Hughes Research Labs ( H R L ) .  The AlAs window layer was less  
than 0.5 m and the junction depth was between 0.4 and 0.5 IJm.  
Five cell  s  were mounted to  a  temperature controlled copper block and held 
a t  125°C under vacuum during the i r radiat ion.  In order to  give the sam les  B an opportunity to  anneal during th i s  t e s t ,  the flux was reduced to 2x10 0 e/cm2- 
sec. The ce l l s  received a  total  fluence of 1x1015 elcmz. I-V measurements 
a t  28°C AM0 intensi ty  were made before and a f t e r  the t e s t  while the ce l l s  were 
in the target  chamber. A second group of f ive  ce l l s  were than irradiated a t  
*The research described in th i s  paper was carried out a t  the J e t  Propulsion 
Laboratory, California Ins t i tu te  of Technology, under NASA Contract NAS7-100. 
28°C using the  same f lux  and fluence a s  the previous t e s t ,  and pre and post- 
i r r ad i a t i on  I-V data was obtained. 
Once this t e s t  was concluded, two c e l l s  from each t e s t  group were placed 
on a  quartz boat and held within the  constant  temperature zone of a  d i f fus ion 
furnace under flowing nitrogen. I-V data a t  28°C under AM0 conditions was 
recorded a f t e r  each heat treatment. The t e s t s  began a t  200°C, and were con- 
t inued,  i n  50°C increments, t o  a  f ina l  temperature of 400°C. Time a t  any 
temperature ranged from 15 t o  110 minutes. 
In another t e s t  a group of four AlGaAs c e l l s  sup l i e d  by HRL were i r r a d i -  B ated t o  fluence l eve l s  of 1x1015 and then 1x1016 e/cm under vacuum, employing 
normal f l  uence (1 ~ 1 0 1 2  e/crn2-sec) . The window layer  thickness of these 
devices was 1.1 pm and the junction depth 0.3 pm. I-V data was obtained a f t e r  
each f luence level .  One ce l l  of each type was then given post i r r ad i a t i on  
heat treatments a t  200°C i n  order t o  inves t iga te  annealing behavior as  a  
function of time a t  temperature. 
RESULTS AND DISCUSSION 
There was no di f ference i n  e l e c t r i c a l  degradation between the  ce l l  groups 
i r rad ia ted  a t  d i f f e r en t  temperatures. A summary of the pre and post t e s t i ng  
e l ec t r i c a l  data ,  a s  well a s  the  r e s u l t s  of an addit ional  125°C heat treatment 
of those c e l l s  i r r ad i a t ed  28°C is given i n  Table 1 .  This i s  unexpected i n  
view of the  f l i g h t  experiment information of references 3 and 4. I t  i s  possible 
t ha t  the higher f luence used i n  t h i s  experiment may have masked voltage and 
f i l l  f a c to r  annealing o r  t h a t  t h i s  annealing phenomenon occurs only when the  
c e l l s  a r e  exposed t o  the  proton spectrum of space. 
The recovery of output power a s  a  function of annealing temperature i s  
plotted i n  f igure  1. After  15 m i n .  a t  200°C, the  samples had regained nearly 
10 percent of the power l o s t  during the i r r ad i a t i on .  The percentage of 
recovery reached over 70 percent a f t e r  110 min, a t  250°C. However, higher 
annealing temperatures did not seem t o  have a  s i gn i f i c an t  influence on maximum 
power recovery, i n  f a c t  there  was some degradation i n  output a t  temperatures 
of 350 t o  400°C. I t  was a l so  noticed t h a t  the  an t i r e f l e c t i on  coatings were 
becoming paler  in color  a t  %400°C. After  a  30 m i n .  anneal a t  400°C the  samples 
began t o  d isplay evidence of contact  shunting. The shunting became extreme 
a f t e r  an hour a t  this temperature and t he  experiment was discontinued. 
Figure 2  shows the  e f f e c t  of annealing time a t  200°C on the  recovery of 
two AlGaAs c e l l s  which had been i r rad ia ted  t o  1x1016 e/cm2. Table 2  contains 
the  per t inent  e l e c t r i c a l  data f o r  the  samples a f t e r  1x1015 and 1x1016 e/cm2. 
There i s  a  g r ea t  deal of recovery in output power exhibited a t  200°C, and i t  
takes many hours t o  bring about maximum recovery a t  this temperature. 
CONCLUSIONS 
Preliminary r e s u l t s  indicate  t h a t  s i gn i f i c an t  recovery of output i n  
electron i r rad ia ted  A1 GaAs ce l l  s can be achieved by thermal annealing. The 
onset of recovery appears t o  be between 125 and 200°C. Since s i l i con  so l a r  
c e l l s  show l i t t l e ,  i f  any recovery a t  these  temperatures, these r e su l t s  a r e  
extremely encouraging. W i t h  AlGaAs c e l l s ,  the  problem of providing su f f i c i en t  
heat t o  the so la r  panel would be g rea t ly  reduced compared t o  a s i l i con  so l a r  
ce l l  panel. 
O u r  data does not match the  r e s u l t s  obtained from the  NTS-2 f l i g h t  experi- 
ment. We observe recovery of shor t  c i r c u i t  current  and open c i r c u i t  voltage 
a t  temperatures g rea te r  than 125"C, while the  f l i g h t  data showed recovery of 
open c i r c u i t  voltage and f i l l  f a c to r  a t  %80°C. Our experiments provide no 
d i r ec t  a ss i s t ance  i n  in te rp re t ing  the  puzzling information yielded by the  NTS-2 
f l i g h t  experiment. 
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A1 GaAs ELECTRlCAL PERFORMANCE AFTER 1 xlol  e/cm 2 
(5  SAMPLES EACH TEST) 
TABLE 1 
A1 GaAs ELECTRICAL PERFORMANCE AFTER 1 xlol  e/cm 2 
( 4  SAMPLES) 
Condi ti on 
$I = 0 
+ = 1015 ( 2 8 0 ~ )  
125°C-15 h r s  
+ = 0 
= l 0 l 5  (125OC) 
- 
voc (mv) 
992 
899 
901 
985 
899 
Isc (mA) 
108.7 
94.6 
94.2 
109.4 
94.9 
TABLE 2 
p,, (mw) 
83.9 
68.5 
68.5 
82.7 
68.3 
2 Fluence (e/cm ) 
(p = 0 
+ = 10 15 
( = 1016 
Pmx (mw) 
79.8 
64.9 
49.3 
Isc (mA) 
104.9 
92.4 
79.6 
voc (mv) 
964 
887 
808 
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